Convergent Molecular Evolution of Genomic Cores in
One of the strongest signals of adaptive molecular evolution of proteins is the occurrence of convergent hot spot mutations: repeated changes in the same amino acid positions. We performed a comparative genome-wide analysis of mutation-driven evolution of core (omnipresent) genes in 17 strains of Salmonella enterica subspecies I and 22 strains of Escherichia coli. More than 20% of core genes in both Salmonella and E. coli accumulated hot spot mutations, with a predominance of identical changes having recent evolutionary origin. There is a significant overlap in the functional categories of the adaptively evolving genes in both species, although mostly via separate molecular mechanisms. As a strong evidence of the link between adaptive mutations and virulence in Salmonella, two human-restricted serovars, Typhi and Paratyphi A, shared the highest number of genes with serovar-specific hot spot mutations. Many of the core genes affected by Typhi/Paratyphi A-specific mutations have known virulence functions. For each species, a list of nonrecombinant core genes (and the hot spot mutations therein) under positive selection is provided.
B
acterial genome evolution is shaped via several mechanisms, such as the acquisition of novel genes by horizontal transfer, homologous recombination, gene deletion, gene amplification, and point mutation. A complex network of these evolutionary mechanisms drives adaptive divergence of microorganisms, especially of bacterial pathogens, in the course of niche differentiation. For instance, uropathogenic Escherichia coli behave as commensals in the human intestine but as pathogens in the urinary bladder. Zoonotic pathogens also follow similar evolutionary dynamics, commonly behaving as commensals in animal hosts but as pathogens in humans. The primary focus to understand evolution of bacterial virulence had been on the genes acquired by horizontal gene transfer (in particular, on the acquisition of pathogenicity islands) rather than on the genes shared by pathogenic and nonpathogenic strains. Only recently, pathogenicity-adaptive (pathoadaptive) mutations that result in specific functional changes of genes were also identified as an important mechanism of virulence evolution. However, very limited genome-level analysis has thus far been performed to investigate the role of point mutations in common (core) genes for their potential contribution in the differential adaptation of pathogenic bacterial species.
In the present study, we focused on the adaptive microevolution of Salmonella enterica subspecies enterica (i.e., subspecies I), one of the most important human pathogens. Unlike E. coli, Salmonella does not generally circulate as a commensal among humans, and most serovars are transmitted by ingestion of contaminated food or by contact with infected animals. The majority of Salmonella infections are self-limited gastroenteritis caused by broad host-range serovars such as Enteriditis or Typhimurium. These serovars are frequently associated with disease in a wide variety of animals. In contrast, a small number of serovars infect only specific animal-hosts and do not persist or cause disease in other vertebrate species. Such narrow-host-range (host-adapted or host-restricted) Salmonella typically produces severe invasive infections. For example, human-restricted Salmonella (e.g., Typhi and Paratyphi A and C) causes typhoid fever, and avian-restricted S. Gallinarum cause fowl typhoid; both diseases are characterized by septicemia over intestinal symptoms.
Our earlier studies reported that virulence habitats impose positive selection on bacteria for point mutations in their core genes to increase pathogenicity (7, 40, 51) . This was demonstrated by specifically designed microevolutionary analysis approach, termed zonal phylogeny (ZP), that identifies the occurrence of repeated phylogenetically unlinked mutations at same amino acid positions. The presence of these so-called structural hot spot mutations is considered a very strong evidence of positive selection in particular habitats, indicating repeated selection in different strains that compete for survival in the same or similar environments (20, 34) . Using this approach for E. coli genomes, we detected the presence of positive selection in a large fraction of core genes that, in part, was pathotype specific (8) .
Here, we performed a comparative genome-wide analysis of strains from over a dozen of pathogenic Salmonella serovars to evaluate the extent to which mutations in the core genes could contribute to the pathoadaptive evolution. For comparison, we analyzed in parallel genomes from 22 strains of E. coli, the bacterial species known to evolve extensively via pathoadaptive mutations.
MATERIALS AND METHODS

Selection of strains.
For each species, out of all fully assembled genomes available at the time, the selected strains included those that are clonally distinct, i.e., having different alleles of housekeeping genes used for multilocus sequence typing (MLST) analysis (http://mlst.ucc.ie) (Fig. 1) . The only exceptions were two pairs of clonally identical strains, one for Salmonella (serovar Paratyphi A strains ATCC 9150 and AKU_12601) and one for E. coli (extraintestinal pathogenic E. coli [ExPEC] strains S88 and UTI89).
Phylogenetic analysis and extraction of core genes. To assess the evolutionary relationship of strains in each species, the corresponding set of seven housekeeping gene sequences were concatenated for each strain and used for reconstructing a maximum-likelihood (ML) phylogenetic tree, using the general time reversible (GTR) substitution model with estimated base frequencies site-specific by codon position distribution implemented in PAUP* (45) to depict an average neutral diversity among the strains. The pairwise p-distance matrix was calculated using MEGA (46) . During the extraction of core genes using annotations of one reference strain in each species, we excluded all annotated pseudogenes in reference genome. The BLAST hits with either internal stop codon or non-ACGT characters were also excluded. To construct each gene data set, we performed stand-alone BLAST against the rest of the genomes and extracted homologs with nucleotide sequence identity as well as sequence length coverage values of Ն95% relative to the reference sequence. For each of the extracted core genes, BLAST was repeated against all genomes (including the reference) using the same threshold values for sequence identity and coverage, and any gene with multiple copies in any genome was excluded as probable nonorthologs from further analysis.
Molecular evolutionary analysis. Rates of nonsynonymous (dN) and synonymous (dS) mutations were computed by using mutation-fraction method (33) . To assess any significant difference between dN and dS, we approached nonparametric bootstrap procedure (14) by simulating 1,000 data sets by sampling with replacement DNA sites of the multiple sequence alignment, thereby disrupting the codon structure of real data set. This led us to calculate the distribution of dN/dS under the null hypothesis of neutrality (dN/dS ϭ 1). The rank of the observed dN/dS in the distribution of simulated data set values suggested any presence of positive (i.e., a higher observed value for Ͼ950 cases), negative (i.e., a higher observed value for Ͻ50 cases), or neutral selection at a 95% significance level.
For the analysis of core gene data sets, zonal phylogeny software (ZPS) (6) was used to perform CLUSTAL W-based sequence alignment, followed by PAUP*-based, ML tree topology reconstruction for the genomewide gene data sets in batch mode, using the GTR substitution model with estimated base frequencies site specific by codon position distribution. ZPS reconstructs an unrooted protein phylogram from the corresponding DNA phylogram, distinguishing two categories of protein variants: those encoded by multiple alleles with synonymous diversity (i.e., evolutionarily long-term variants) and those encoded by one allele only (i.e., evolutionarily recent variants). Separate scripts were written to calculate the frequencies of parallel and coincidental hot spot mutations of different nature (long-term or recent hot spots), the frequency and sharing of hot spot mutations within or between pathotypes or serovars.
We detected probable recombination events using software package PhiPack (1) that included three recombination-detection statistics: pairwise homoplasy index (Phi), maximum 2 (MaxChi), and neighbor similarity score (NSS). A gene was considered to be recombinant if P values for all of the three statistics were Ͻ0.1 (4).
Simulations. EvolveAGene3 (18) was used to perform random simulations of mutations on nonrecombinant core genes with hot spots. For each gene, the reference genome sequence was considered as the root sequence to simulate the data set and to generate a random tree topology MLST were selected for analysis. The Salmonella genes were aroC (chorismate synthase), dnaN (DNA polymerase III, ␤-subunit), hemD (uroporphyrinogen III synthase), hisD (histidinal dehydrogenase), purE (phosphoribosylaminoimidazole carboxylase), sucA (2-oxoglutarate dehydrogenase decarboxylase), and thrA (aspartokinase I). The E. coli genes were adk (adenylate kinase), fumC (fumarate hydratase class II), gyrB (DNA gyrase subunit B), icd (isocitrate dehydrogenase), mdh (malate dehydrogenase), purA (adenylosuccinate synthetase), and recA (recombinase A). Serovars and host specificity ranges were shown for the Salmonella strains, while pathotypes were mentioned for the E. coli strains. EAEC, ExPEC, EHEC, ETEC, and EPEC stand for enteroaggregative, extraintestinal pathogenic, enterohemorrhagic, enterotoxigenic, and enteropathogenic E. coli, respectively.
where each branch had equal probability to lead to either a terminal node or an internal node. For simulations, average branch lengths and average selection on amino acid replacements (i.e., dN/dS) were estimated from corresponding real data set phylogeny. No indels were allowed in the simulated data sets. Selection over sequence, as well as over branches along the tree, was set to be constant with the default modifier value of 1.
Analysis of functional category enrichment. Functional annotation clustering for different sets of candidate genes under positive selection was performed using DAVID (10) . For the analysis, a "medium" classification stringency was used. Annotation clusters with an enrichment score of Ͼ0.5 and a P value of Ͻ0.05 were selected as enriched functional categories.
Detection of interspecies orthologs. Orthologous protein-coding genes between Salmonella and E. coli were detected by using the Roundup Orthology Database (http://roundup.hms.harvard.edu/ [9] ), in which the orthologs were computed using reciprocal smallest distance algorithm (50) . A "retrieve" option of this database was used with stringent BLAST E-value of 1e-20 and a global pairwise sequence divergence of 0.2 to recover a set of orthologs between Escherichia coli CFT073 and Salmonella enterica serovar Typhi Ty2 genomes. From this set of orthologs, genes accumulating recent hot spot mutations in both species were identified.
RESULTS AND DISCUSSION
Decreased nucleotide diversity but an increased number of core genes in Salmonella relative to E. coli. Salmonella and E. coli strains analyzed here were phylogenetically diverse based on concatenated sequence of seven housekeeping genes: for Salmonella, aroC, dnaN, hemD, hisD, purE, sucA, and thrA loci (total, 8,985 bp), and for E. coli, adk, fumC, gyrB, icd, mdh, purA, and recA (total, 9,093 bp). These genes are present in all strains of the corresponding species and internal fragments of them are used for their MLST analysis (http://mlst.ucc.ie). The Salmonella set had 16 clonally distinct strains each represented by a unique MLST sequence type, with no specific clustering of serovars based on the host specificity range (Fig. 1A) . The E. coli was represented by 21 clonally distinct strains and, although some E. coli strains of same origin (e.g., ExPEC, Shigella or commensal) clustered in a somewhat distinct fashion, the clades were not fully pathotype specific (Fig. 1B) . The pairwise nucleotide diversity of the Salmonella genes was 1.0% Ϯ 0.1%, whereas the E. coli genes diversity was 1.5% Ϯ 0.1%.
We next extracted protein-coding genes shared by all strains within each species. As a reference for the BLAST analysis, we selected for each species a genome with well-annotated assembly and with well-preserved backbone gene-set (i.e., without too many genes deleted). Since we performed a phylogenetic analysis of each gene, it is not important to select either a commensal or a laboratory strain as a reference. Genomes of S. Typhimurium strain LT2 (a total of 4,451 open reading frames [ORFs]) and ExPEC strain CFT073 (5,378 ORFs), respectively, were used. Threshold values of Ն95% for both nucleotide sequence identity and length coverage were used to extract the orthologous gene copies. A total of 2,797 genes were found in all strains of Salmonella and were defined as the species core genes (Fig. 2) . Among the rest, 1,472 genes were defined as mosaic genes since they were shared by only some strains in the species, and 181 genes were uniquely found only in the reference strain LT2 (Fig. 2) . In E. coli, 1,488 genes were identified as species core, 3,452 genes were of mosaic nature, and 430 were unique to the reference strain CFT073 (Fig. 2) .
Among the core genes, 15 Salmonella and 5 E. coli genes were found in multiple copies in various positions in the chromosome in at least one strain (see Table S1 in the supplemental material) and were excluded from the analysis as potentially nonorthologous. The rest were found in one copy and in syntenic position (sharing at least one neighboring locus) in every genome of the corresponding species and were considered to be of both core and orthologous nature for each species.
The almost 2-fold greater number of core genes in Salmonella was in contrast to average size of genomes analyzed, which was somewhat lower for the Salmonella strains (4.78 Mb on average, ranging from 4.58 to 4.89 Mb) than E. coli (4.94 Mb on average, ranging from 4.37 to 5.53 Mb). One possible explanation for the larger genomic core in Salmonella strains is their closer evolutionary relatedness. Indeed, subspecies I of Salmonella is considered to have evolved from the rest of the species by the acquisition of horizontally transferred genomic elements, such as Salmonella pathogenicity islands SPI-3 (17 kb), SPI-4 (25 kb), and SPI-5 (9 kb) (15) . Thus, parts of the genomes that are overall of a mosaic nature in Salmonella species are likely to be shared by all of the subspecies I strains and are defined here as core genes. This explanation is consistent with the fact that frequency of mosaic genes (defined here as shared by some strains only) was significantly lower in the Salmonella strains (33%) than E. coli strains (64%). Only 20 of the core genes in Salmonella and 7 genes in E. coli were identical in all strains of the corresponding species (see Table S2 in the supplemental material). In other core genes, the average nucleotide diversity values were estimated to be 1.0% Ϯ 0.01% for Salmonella and 1.6% Ϯ 0.02% for E. coli (Table 1 , P Ͻ 0.0001), i.e., very similar to the diversity of corresponding seven MLST genes above.
The lower diversity of the Salmonella genes is also likely to reflect the fact that all of the analyzed strains belonged to just one major phylogenetic clade within the species: S. enterica subsp. enterica or I. The subspecies I strains are considered to be adapted to warm-blooded animals and cause the majority of Salmonella-related diseases in humans, whereas strains from the other subspecies II, IIIa, IIIb, IV, and VI are adapted to cold-blooded animals and cause few infections in humans. In contrast, the E. coli strains analyzed represented all major phylogenetic clades of the species that are divided into the so-called E. coli reference (ECOR) phy- logenetic groups A, B1, B2, and D and a diverse number of pathotypes.
To test whether there could be indeed a direct correlation between the reduced diversity and increased number of core genes (as observed in Salmonella), we examined the diversity of core genes in a subgroup of six E. coli strains that form phylogenetic group B2 (Fig. 1B) . The average pairwise nucleotide diversity of the B2 strains was 0.6% Ϯ 0.1%, based on the MLST genes, i.e., lower than the MLST diversity of either E. coli or Salmonella strains. At the same time, in the group B2 strains, a total of 3,447 core genes were identified (see Fig. S1 in the supplemental material); this was significantly higher than the number of core genes found in E. coli or even in Salmonella species. Thus, resemblance in the pattern of core gene diversity between Salmonella and B2 E. coli strains supports the hypothesis that a relatively large core genome in Salmonella subspecies could be due to the relatively close relatedness of the strains.
The variability of core genes in both Salmonella and E. coli is primarily due to synonymous mutations rather than to nonsynonymous changes. The nucleotide diversity of coding genes is both nonsynonymous (amino acid replacement) and synonymous (structurally silent) in nature. The number of nonsynonymous or synonymous changes per nonsynonymous or synonymous site, respectively, defines the nonsynonymous mutation rate (dN) or synonymous mutation rate (dS) in a gene. For Salmonella core genes, the average dN (0.3% Ϯ 0.01%) and dS (3.4% Ϯ 0.03%) were lower than the corresponding values for E. coli (dN ϭ 0.4% Ϯ 0.01% and dS ϭ 5.5% Ϯ0.08%) (Table 1) . However, because dS was Ͼ10-fold higher than dN for both species and the differences in dS between the species (calculated as dS E. coli Ϫ dS S. enterica /dS S. enterica ) were more pronounced than in dN (i.e., dN E. coli Ϫ dN S. enterica /dN S. enterica ), the synonymous mutations contributed significantly more (P Ͻ 0.01) than the amino acid replacement mutations into the differences in the overall nucleotide diversity between Salmonella and E. coli.
As defined above, across all shared genes, the average rate of nonsynonymous mutations is much lower than the rate of synonymous changes, indicating a prevalence of negative selection against amino acid changes. When the dN and dS values of each core gene were compared by using the z-test (at P Ͻ 0.05), dN/dS was significantly less than 1 in the vast majority of individual genes, reflecting the overall predominance of synonymous changes. We found only 11 genes in Salmonella (0.4% of the total core genes) that showed dN values significantly higher than the dS values (dN/dS Ͼ Ͼ 1), i.e., well within the range of the gene fraction randomly expected at a P Ͻ 0.05 significance level. Although the number of genes with dN/dS Ͼ Ͼ 1 was 7-fold higher in E. coli (77 genes, P Ͻ 0.0001), the overall fraction (5.2%) was found to barely exceed the randomly expected range. Moreover, when a more rigorous nonparametric bootstrap analysis was applied to both sets of the genes with dN/dS Ͼ Ͼ 1, the numbers dropped significantly, with only 1 Salmonella and 24 E. coli genes showing a dN significantly higher than the dS (see Table S3 in the supplemental material).
Thus, according to the dN/dS test, very few of the core genes in Salmonella and E. coli have accumulated replacement mutations under positive selection. One needs to note, however, that the dN/dS test is considered to be highly conservative and mostly detects an action of positive selection over a relatively long period of time (e.g., between species) but not on a microevolutionary (within-species) scale.
High frequency of amino acid hot spot mutations in the core genomes of Salmonella and E. coli. We next examined the action of positive selection on amino acid changes in core genes by the detection of convergent mutations, i.e., repeated, phylogenetically unlinked nucleotide changes that result in mutation of the same amino acid positions. These so-called hot spot mutations can be of two types: (i) "parallel mutations" that lead to a same amino acid change in the same position and (ii) "coincidental mutations" that lead to a different amino acid change in the same position. The convergent evolution (evolutionarily independent acquisition of the same biological trait) is a very strong indicator of adaptive nature of the associated phenotypic changes, either at the organismic or at the molecular level (20, 34) .
Detection of hot spot mutations is based on sequence phylogeny and not via a mere mismatch with the reference genome sequences. Since this approach requires the reconstruction of phylogenetic trees, it can be done only in genes that have four or more alleles. A total of 2,646 of the Salmonella genes and 1,404 of the E. coli genes met such a criterion. A total of 849 Salmonella and 596 E. coli core genes accumulated hot spot changes. In both species, the rate of parallel hot spot changes was significantly higher than the rate of coincidental mutations ( Table 1) .
The parallel hot spot mutations could not arise due to a hori- zontal gene transfer of entire gene, followed by further allelic diversification, because they would be phylogenetically linked and, thus, not show up as a hot spot change in our analysis. However, gene changes that appear as parallel hot spot changes could be due to homologous intragenic recombination, i.e., exchange of small internal regions in orthologous genes. So, to remove alleles with such potentially false (nonmutational) hot spot changes, recombination detection analysis was performed for each gene with the hot spot-like mutation. Recombination was detected in 187 (22%) Salmonella genes and 279 (47%) E. coli genes with apparent hot spots, indicating significantly (P Ͻ 0.0001) higher rate of homologous recombination in the latter. The increased recombination rate in E. coli has been reported in previous studies (12, 17, 47, 49, 52, 54) . Genes affected by recombination (even if detected just in one of the alleles) were removed from the analysis, leaving 662 Salmonella genes (24% of the total core genes) and 317 E. coli (21%) where all hot spot changes were likely to be truly mutational in nature (see Tables S4 and S5 in the supplemental material).
Despite the removal of alleles with potentially false parallel mutations, the frequency of genes with parallel mutations remained significantly higher than those with coincidental mutations (Table 1 ). In contrast, if hot spot mutations accumulate randomly, the probability of a same mutation in the same position (i.e., parallel hot spot mutations) would be significantly lower than that of a different mutation in the same position (i.e., coincidental hot spot mutations). Therefore, the predominance of parallel hot spot changes cannot be expected from chance alone. To confirm this, we performed 10 rounds of random simulations of mutational changes in each of the nonrecombinant genes. As expected, in simulated data sets the coincidental mutation frequency was much higher than the parallel mutation frequency (Table 1) . However, even the simulated coincidental mutation frequency was well below (P Ͻ 0.0001) the one in real data sets of both Salmonella and E. coli (Table 1) . Taken together, the simulation analysis strongly suggests that the hot spot mutations in both Salmonella and E. coli were acquired not randomly but under positive selection, i.e., the changes were adaptive in nature.
Also supportive of the function of positive selection is the fact that genes acquiring hot spot mutations tend to do so multiple times; there were, on average, 5.0 Ϯ 0.2 hot spot mutations in 2.1 Ϯ 0.1 positions per gene in Salmonella and 6.1 Ϯ 0.4 hot spot mutations in 2.5 Ϯ 0.1 positions per gene in E. coli.
Finally, one of the distinctive characteristics of functionally adaptive hot spot mutations in bacterial genes is their evolutionarily recent nature, reflecting a recent emergence of the pathogenic lineages and/or their relative evolutionary instability. The latter could be due to the fitness trade-off functional mutations in so-called "source-sink" dynamics of the pathogen microevolution (41) . The "source" is defined as an evolutionarily stable, reservoir habitat (usually of environmental or of commensal nature), while pathogen-targeted compartments are evolutionary "sinks" representing unstable, transient habitats. The sink habitats, therefore, are compartments where bacteria are introduced occasionally and then experience selection pressures to improve their ability as pathogen. To define whether or not the hot spot mutations were recent from evolutionary perspectives, we determined whether or not, respectively, their acquisition was followed by accumulation of synonymous changes in the corresponding alleles. This analysis was done by using the zonal phylogeny software tool (6, 40) . In both Salmonella and E. coli, the vast majority of hot spot mutations (in 85.4% and 89.3% of genes with hot spots, respectively) were of evolutionarily recent origin (Table 1) , i.e., the pattern typical for pathoadaptive mutations in bacterial pathogens.
Taken together, these results indicate that the hot spot mutations in both Salmonella and E. coli were acquired at a significantly higher rate than expected under neutrality and with patterns strongly suggestive of the action of positive selection.
Salmonella and E. coli share functional trajectories of adaptive evolution by hot spot mutations. Overall, ca. 44% Salmonella and 48% E. coli genes with recent hot spot mutations were found to have a defined function, while the rest were annotated only with putative functions. We performed functional annotation-based clustering analysis using DAVID (10) to identify what functional categories of the adaptively evolving proteins are significantly enriched (or overrepresented), i.e., are targeted more frequently than expected randomly.
In Salmonella, the hot spot-affected genes belonged to a total of 78 functional categories, 18 of which were significantly enriched (Fig. 3, left) . One major enriched category was secretion system apparatus proteins encoded by genes in two pathogenicity islands: invG and prgI in SPI-1 and ssaC, ssaJ, ssaQ, and ssaT in SPI-2 (19, 28) . Some other notable genes demonstrated to be necessary for the Salmonella virulence included pagC (encoding two-component protein for survival in the macrophage [31] ), purG (encoding a purine biosynthetic enzyme [30] ), eutG (encoding an enzyme for carbon source degradation [43] ), nfo (endonuclease IV counteracting DNA damage by host nitric oxide [35, 44] ), and rfaK (encoding lipopolysaccharide biosynthesis enzyme for colonization on chicken alimentary tract [48] ), etc. Several other genes were earlier shown to be associated with virulence in other bacterial pathogens, such as ubiF in E. coli (involved in ubiquinone and other terpenoid-quinone biosynthesis [27] ), kdpA in Mycobacterium tuberculosis (two-component transcriptional regulator gene [36] ), pyrC in Bacillus anthracis (encoding pyrimidine metabolism protein critical for growth [38] ), and hisB in Alternaria citri (involved in amino acid biosynthesis [23] ), etc.
In E. coli, of 48 functional categories represented by the hot spot genes, 13 were found to be significantly enriched or overrepresented (Fig. 3B) . Most of the enriched categories (and corresponding genes) were same as reported by us previously (8) . As in Salmonella, they mostly included metabolic genes. Interestingly, nine enriched clusters were common to both Salmonella and E. coli species (Fig. 3, cross-linked) , showing overlap that was significantly higher than would be randomly expected (P Ͻ 0.001). This suggests that both species evolve via similar physiologic pathways. This is not surprising considering that both bacteria share close common ancestry and occupy similar habitats. However, while the enriched functional categories were very similar, the genes affected were mostly different. The common enriched clusters included 113 genes in Salmonella and 74 genes in E. coli. Although most of these genes in one species had orthologous copies in the other one (68 of the Salmonella genes and 56 of the E. coli genes), only 10 of the common orthologous genes were affected by hot spot mutations in both species (see Table S6 in the supplemental material). Still, in four of them-murF (UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alanine ligase), trmA [tRNA (uracil-5-)-methyltransferase], creB (transcriptional regulatory protein), and holB (DNA polymerase III, ␦= subunit)-mutations affected the same amino acid positions. Thus, at least in some cases, there is a convergent evolution in the two species not only on the level of common functional categories but also at the molecular level.
A recent work suggests that synonymous diversity fluctuates by Ͼ20-fold among genes across different regions in E. coli genome (29) . Such diversity is contributed to by heterogeneity in the neutral mutation rate, leading to distinct genetic regions of mutational "hot spots" and mutational "cold spots." We compared the enriched functional clusters encoded by genes in hot spots or cold spots and those encoded by our set of nonrecombinant E. coli genes with structural hot spot mutations. In either the hot spot or cold spot gene regions, the overlap was in one gene category each (amino acid biosynthesis and cellular respiration, respectively). This indicates that the accumulation of structural hot spot mutations does not correlate with the synonymous diversity of the genes. Thus, they can primarily be attributed to selective factors and not to any underlying behavior of DNA sequences such as heterogeneity due to a neutral mutation rate. However, we cannot exclude completely that the occurrence of at least some hot spot mutations is due to a relaxed purifying selection or an increased mutation rate at specific nucleotide positions.
Pathotype-specific convergent evolution of Salmonella Typhi and Paratyphi A. We next compared the genes with recent hot spot mutations in different pathotypes of each species. Within two main pathotypes of the Salmonella serovars-broad host range and narrow host range (Fig. 1A) -the average numbers of the recent hot spot genes were not significantly different (Fig. 4) . Similarly, we found no significant difference between the two major pathotypes of E. coli-ExPEC and Shigella-that were represented by multiple genomes in the databases. However, both E. coli pathotypes had more hot spot genes than did E. coli fecal strains (Fig. 4) . This is in full accordance with our previous study on a smaller number of E. coli genomes, showing that pathogenic lineages accumulate larger number of adaptive mutations than nonclinical strains (8) . Unlike E. coli, however, all Salmonella strains were of clinical origin, and no comparison with nonclinical strains could be made.
The significant difference in the frequency of hot spot mutations among clinical and nonclinical isolates of E. coli indicates that the organisms isolated from infected hosts could have been under selection for pathogenicity. Recurrent mutations in the same-pathotype isolates suggest an adaptive advantage of such changes, possibly leading to improved survival as a pathogen.
We then performed a comparative analysis of the distribution of hot spot genes within the narrow-host-range pathotype composed of serovars that cause the most severe, usually invasive infections in humans and/or animals. Pairwise, the narrow-host-range serovars shared on an average 6 genes with hot spot mutations, but the range was very wide (from 0 to 34) (Fig.  5) . Interestingly, Typhi and Paratyphi A, two human-restricted serovars, shared the highest number of mutated genes (34 genes) compared to the rest of the host-restricted serovars (P Ͻ 0.01). This frequency of shared hot spot genes between Typhi and Paratyphi A was 6-fold higher than the random expectation (P Ͻ 0.001).
The Typhi/Paratyphi A-specific hot spot genes (Table 2 ) are spread across the genomes (see Fig. S2 in the supplemental material), indicating that the adaptive mutations target a broad spectrum of genes and are not limited to specific gene clusters. These two serovars are equipped to infect and, sometimes, coinfect (22) the same tissues of the human host. Therefore, the infection of common compartments is expected to exert similar selective pressures.
A previous study (11) showed that Typhi and Paratyphi A are phylogenetically distant members of S. enterica, similar to what we found with respect to MLST phylogeny (Fig. 1A) . It was shown previously (11) that the divergence of the majority of Typhi and Paratyphi A genes was relatively high, i.e., 1.2% (which is above the average pairwise diversity of Salmonella core genes observed in our study), indicating independent evolutionary origins of the serovars. However, it was also demonstrated that in the rest, lowdiversity genes (comprising of about a quarter of the genome) were commonly a signal of homologous recombination between the serovars, indicating that pathogenic similarity of Typhi and Paratyphi A could be in part due to their direct genetic exchange (11) .
Interestingly, the 34 genes with Typhi/Paratyphi A-specific hot spot mutations that we found here were not of recombinant origin, and their average diversity was 1.19% Ϯ 0.06%, i.e., equivalent to the high-divergence regions between Typhi and Paratyphi A determined previously. Thus, although recombination could contribute to the convergent evolution of Typhi and Paratyphi serovars, our study indicates an important role for point mutations in the process of adaptive convergence of these two humansrestricted serovars that cause the most severe types of Salmonella infection.
Among the genes with Typhi/Paratyphi A-specific hot spot mutations, 10 genes belonged to two over-represented functional clusters: propanoate metabolism and signal proteins. It was proposed previously that the persistence of pathogenic strains in the intestine may be facilitated by the catabolism of abundant fatty acids such as propanoate (32) . In particular, phosphotransacetylase (pta) that represents the cluster plays an important role in Salmonella virulence (24) . Repression of this enzyme results in the accumulation of acetyl coenzyme A (acetyl-CoA), allowing growth retardation along with repression of signaling through the PhoP/PhoQ two-component global virulence regulator in Gramnegative pathogens (5, 16, 26) .
In the list of signal proteins, the proteins with known virulence-related functions included ferrioxamine receptor (foxA), transglycosylase of penicillin-binding protein (pbpC), and a response regulator (yfbS). For example, the ferrioxamine binding and uptake, in association with the tonB protein, may play a role in the intestinal colonization of pathogenic bacteria (25) .
Although other Typhi/Paratyphi A-specific hot spot genes did not form enriched functional categories, some of them-entD, pipB, rnb, recC, aroE, and dsdA in particular-are well known to be important for survival and virulence of Salmonella. The enterochelin synthetase component D encoded by entD is known to be a part of the iron acquisition system used by pathogenic bacteria for virulence in the iron-limiting stage in human host (21, 53) . The Salmonella pathogenicity island (SPI-5)-encoded protein PipB is a well-known virulence factor in Salmonella, for which the mutant phenotype was shown to have attenuated virulence in mice (28) . It is known that exoribonucleases are involved in virulence in Salmonella (13) , and Rnb (RNase II) is one of such hydrolytic enzyme. S. enterica mutants lacking the RecBC function are avirulent in mice and unable to grow inside macrophages since they are highly sensitive to oxidative compounds synthesized by macrophages (2) . Therefore, recombination is required for the repair of oxidative damage within the macrophage to survive, and RecC is one of the important subunits of the homologous recombination machinery RecBCD (3). Gene aroE is involved in the aromatic amino acid biosynthesis pathway in Salmonella, and mutations in this pathway have been the basis of live attenuated S. Typhi vaccines (39, 42) . Finally, there are reports that mutations in dsdA, which encodes a positive regulator of D-serine deaminase, enhance the ability of uropathogenic strain to infect the bladders and kidneys of mice (37) .
Conclusions. The primary goal of the present study was to show that, in both Salmonella subspecies I and E. coli, a substantial number of core genes are likely to acquire point mutations under positive selection. Since these mutations would then be functionally adaptive, they might play potentially significant role in the evolution of virulence of these bacterial species, i.e., to be pathoadaptive in nature. Due to limitations of space, we did not discuss in detail exactly how the putative pathoadaptive mutations could affect the function of specific genes, based on their locations in the proteins for which structure-function data are available. We also did not analyze genes that are not of the core nature based on our relatively strict definition but are still shared by at least some of the isolates. Such mosaic genes are also likely to accumulate point mutations under positive selection. Considering the known or expected role of these (usually horizontally transferred) genes in virulence evolution, the mutations therein could significantly affect pathogenicity of both Salmonella and E. coli.
Due to a large amount of information that could be obtained from the mutational variability of bacterial genes across the entire genome of a species, it is not practical to perform in-depth analysis by a single research group. It certainly should be a combined effort by many different laboratories in the field, specializing in studying specific bacterial traits or specific aspects of bacterial evolution and population genetics.
Therefore, we provided here detailed lists of nonrecombinant core genes with hot spot mutations in both Salmonella subspecies I (see Table S4 in the supplemental material) and E. coli (see Table  S5 in the supplemental material). Such a gene list, we believe, is an important resource for identifying genes with naturally occurring adaptive amino acid variations for functional assays to decipher any physiologic and virulence significance. The identification of genes undergoing positive selection in specific strains (or strain groups) within and between species is crucial for the understanding of common mechanisms of pathogenesis and adaptive evolution in microbial pathogens.
